Abstract. Colorectal cancer (CRC) is the third most common malignant disease globally and causes numerous cancer-associated mortalities; however, the underlying molecular mechanisms remain unresolved. MicroRNAs (miRs) are endogenous noncoding RNAs that regulate post-transcriptional gene silencing by annealing to partially complementary sequences in the 3'-untranslated regions of target mRNAs. In the present study, expression of the tumor suppressor gene inhibitor of growth protein 4 (ING4) in cell lines was investigated using reverse transcription-quantitative polymerase chain reaction and western blotting. miR-650 overexpression promoted CRC cell proliferation and migration by targeting ING4 when the cells were transfected with the miR-650 mimics. Additionally, overexpression of miR-650 increased the epithelial-mesenchymal transition and activation of the Ras homolog gene family member A/Ras-related C3 botulinum toxin GTPase. Extracellular signal-regulated kinases and p38 mitogen-activated protein kinase signaling were markedly activated when miR-650 was increased in CRC cells. Combined, the results indicate the mechanism underlying the miR-650 promotion of CRC progression, and provide promising potential biomarkers for the prognosis and treatment of CRC.
Introduction
Colorectal cancer (CRC), a cancer that arises from uncontrolled cell growth in the colon, rectum or the appendix, has become the third most common malignant disease worldwide with a yearly increasing incidence and mortality rate, and it is among the leading causes of cancer-associated mortality (1) . It is the fourth leading cause of cancer-associated mortality in China (2) . The incidence of CRC is increasing rapidly with ~1 million new CRC cases reported annually (3) . In developed countries, the mortality of CRC increased to 33% between 2010 to 2013 (3) . Although the 5-year survival rate of patients with CRC has been improved from 22-47% in the last 30 years with advancements in early diagnosis and therapeutic interventions, the overall survival rate remains pessimistic (3) . The pathogenesis of CRC is not yet completely understood. It is currently known that colorectal carcinogenesis involves numerous molecular processes, including the activation of oncogenes, the mutation of mismatch repair genes or the inactivation of tumor suppressor genes, which affect the proliferation, migration, invasion and apoptosis of cancer cells, among other features (2) .
Inhibitor of growth protein 4 (ING4), encoded by the ING4 gene, serves an essential function in cancer-associated cellular progression. It can interact with p53 and act as a tumor suppressor, thus affecting cell proliferation, migration and apoptosis, angiogenesis, contact inhibition and the DNA damage response (4, 5) . Previous studies have demonstrated that ING4 expression is decreased in various types of cancer, including lung cancer, gastric carcinoma, colon cancer, breast cancer, melanoma and hepatocellular carcinoma, suggesting that the function of ING4 is to suppress tumor growth, angiogenesis and invasion in a number of types of cancer (6) . Furthermore, overexpression of ING4 has been demonstrated to impair colony-forming efficiency, reduce the population of cells in the S phase and to induce cancer cell migration, invasion and apoptosis (7, 8) . In a previous study, it was identified that ING4 protein expression was downregulated in adenoma relative to in the normal mucosa, and was further decreased in CRC tissues (9) . Furthermore, the suppression of ING4 expression was also associated with a more advanced Dukes stage (9) . Therefore, it was hypothesized that ING4 serves important functions in colorectal carcinoma progression; however, the underlying molecular mechanism remains unresolved.
MicroRNAs (miR) are small noncoding RNA strands of 19-25 nucleotides in length. MiRs anneal inexactly to complementary sequences in the 3'-untranslated region (3'-UTR) of the target mRNAs of protein-coding genes and trigger cleavage of these target mRNAs, or they inhibit protein translation as key post-transcriptional regulators (10) . In addition to gene inactivation, increasing evidence has identified that miRs are involved in a number of biological processes, including cell proliferation, differentiation, metastasis, apoptosis and immune responses (11) . Furthermore, miRs may function as tumor suppressors or oncogenes in tumorigenesis, and have demonstrated prognostic significance for several tumor types (12, 13) . miR-650 is a previously reported miR, which has been revealed to target ING4 in order to promote gastric cancer tumorigenicity (14) . Further investigation indicates that miR-650 targets the promoter region of the NDRG2 gene and represses its transcription (15) . The upregulation of miR-650 has been associated with ING4 downregulation and the progression of hepatocellular carcinoma (16) . In an additional study, miR-650 was reported to be upregulated in several types of human colorectal cancer (17) . However, the underlying molecular mechanism of miR-650 in CRC progression remains unclear.
Mitogen-activated protein kinases (MAPKs) belong to a family of serine/threonine-specific protein kinases, including three major MAPKs: Extracellular signal-regulated kinases (ERK1/2), c-Jun N-terminal kinases and p38 MAPKs (18, 19) . MAPKs are involved in directing cellular responses to a diverse array of stimuli, including mitogens, osmotic stress, heat shock proteins and proinflammatory cytokines (20) . MAPKs also function as essential modulators in signal transduction pathways, regulating gene transcription in response to external stimuli (18, 21, 22) . Furthermore, MAPKs have been identified to serve important functions in mediating cell proliferation, differentiation, transformation and apoptosis, and are involved in the development and progression of tumors (23) .
In the present study, it was demonstrated that ING4 was a target gene of miR-650 in CRC. Elevated levels of miR-650 following transfection with miR-650 mimics contributed to increased cell vitality, elevated cell invasion and epithelial-to-mesenchymal transition (EMT). Overexpression of miR-650 induced the activation of Ras homolog gene family member A (RhoA)/Ras-related C3 botulinum toxin (Rac1) GTPase and MAPK signaling. These results indicate that miR-650 serves an important function in promoting CRC progression, and suggest that miR-650 and ING4 may be promising biomarkers for CRC diagnosis and therapy.
Materials and methods
Cell lines. Cell lines derived from human CRC (SW480, SW620, RKO, 320DM, 320HSR, NCI-H716, H508) and the normal liver cell line CCD841CoN used in this study were purchased from the cell bank of the American Type Culture Collection (Manassas, VA, USA). Cell culture. Cells were cultured in L15 medium (Biological Industries, Kibbutz Beit Haemek, Israel) supplemented with 10% fetal bovine serum (Biological Industries USA, Cromwell, CT, USA), 100 U/ml penicillin and 100 µg/ml streptomycin, at 37˚C in a humidified incubator containing 5% CO 2 .
Reagents
Transfection. For transfection, miR-650 mimics (100 nM), miR-650 inhibitors and their aforementioned negative controls were transfected into the SW620 and SW480 cells using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. For ING4 knockdown, the specific shING4, sense: 5'-GAT CCG AGG CTG ATC TCA AGG AGA AAT TCAA GAG ATT TCT CCT TGA GAT CAG CCT CAG A-3'; negative control short hairpin RNA (shRNA), sense: 5'-AAG CTG AAG TAC AAC CTT CTT CAA GAG AGA AGG TTG TAC TTC AGC TTAG-3' was transfected into SW480 and SW620 cells using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) with standard transfection procedures. At 48 h post transfection, 600 µg/ml G418 (Sigma-Adrich; Merck KGaA) was added to select stable transfectants, and individual clones were isolated and maintained in a medium containing G418 (200 µg/ml). For ING4 overexpression, ING4 was inserted into the pcDNA3.1 vector (Invitrogen; Thermo Fisher Scientific, Inc.), which was then transfected into the cells. Transfection was performed using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. At 48 h post transfection, 600 µg/ml G418 (Sigma-Aldrich; Thermo Fisher Scientific, Inc.) was added to select stable transfectants, and individual clones were isolated and maintained in a medium containing G418 (200 µg/ml).
Cell viability assay. An MTT assay was used to determine cell viability. Individual wells of a 96-well plate were inoculated with 100 µl of L15 medium containing 5x10 4 cells. Cells were transfected with miR-650 mimics, miR-650 inhibitors and their negative controls. A total of 20 µl MTT solution (0.5 mg/ml) was added to each well and incubated at 37˚C for 4 h. The culture medium was removed and 200 µl dimethyl sulfoxide was added to each well to dissolve the purple formazan for 10 min at room temperature. The absorbance values were read at 570 nm using an Infinite m200pro microplate spectrophotometer (Tecan Group, Ltd., Männedorf, Switzerland).
Wound healing assay. Cells were seeded in a 24-well plate and cultured to 100% confluency, following which the cell monolayer was scratched in a straight line using a pipette tip (200 µl). In order to remove the debris and smooth the edge of the scratch, culture medium was removed and the wells were washed three times with 1 ml growth medium. After 24 h of culture, the scratch was viewed using a microscope (24) .
Total RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA from the cultured cell lines was isolated using TRIzol ® reagent (Life Sciences; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The relative expression of miR-650 and ING4 were determined using the SYBR Green I method on a CFX96 Real-Time C1000 Touch Thermocycler system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) with U6 and GAPDH as the internal controls. Each reaction was carried out in triplicate.
Immunofluorescence staining. Cells cultured in 6-well plates were fixed with 4% paraformaldehyde in PBS (pH=7.35) for 15 min at room temperature. Nonspecific binding was blocked for 2 h with goat serum (Sigma-Aldrich; Merck KGaA,), and the cells were subsequently incubated with the aforementioned primary antibodies against E-cadherin, β-catenin, α-SMA and vimentin (all diluted to 1:50) at 4˚C overnight. The cells were washed and incubated with the FITC-conjugated anti-rat (dilution, 1:2,000) or anti-mouse IgG (dilution, 1:2,000) secondary antibodies for 1 h. The cells were visualized using a confocal microscope (magnification x100).
Protein extraction and western blotting. Cell samples were lysed in radioimmunoprecipitation assay buffer (Thermo Fisher Scientific, Inc.) with a protease inhibitor and phosphatase inhibitor cocktail (cat no. ab201119; Abcam), prior to protein extraction. Proteins were quantified using a Bio-Rad protein assay kit (cat no. 5000002, Bio-Rad Laboratories, Inc., Hercules, CA, USA), and equal quantities (10 µg) were fractionated using SDS-PAGE (4%) and transferred to a polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA). The membranes were blocked with 5% bovine serum albumin (Sigma-Aldrich, Merck KGaA) for 2 h at room temperature with agitation, and then incubated with the aforementioned primary antibodies, including those against ING4, E-cadherin, β-catenin, α-SMA, vimentin, RhoA, active RhoA, Rac1, active Rac1, ERK1/2, p-ERK1/2, p38 and p-p38, each at a dilution of 1:1,000, at 4˚C overnight. Following three washes with Tris-buffered saline containing 0.5% Tween 20, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (dilution, 1:5,000) at room temperature for 1 h. Bands were observed using an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA). β-actin was used as the internal control.
Statistical analysis. All data are presented as the mean ± standard error of the mean. Multiple comparisons were analyzed statistically using Mann-Whitney U test or one-way analysis of variance followed by a Student-Newman-Keuls post-hoc test. All analysis was performed using GraphPad Prism software version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). A two-tailed value of P<0.05 was considered to indicate a statistically significant difference.
Results
The expression of ING4 in various CRC cell lines. In order to investigate ING4 expression in CRC cells, including the cell lines SW480, SW620, RKO, 320DM, 320HSR, NCI-H716 and H508, RT-qPCR and western blotting were performed. The normal colonic epithelial cell line CCD841CoN was used as the control. As presented in Fig. 1A , the mRNA expression of ING4 was decreased compared with the control in all the CRC cell lines except SW480 (P<0.05), suggesting the decreasing trend of ING4 in CRC, which is consistent with the expression in tissues of patients (9) . The expression level of ING4 in SW480 was markedly increased compared with the control (P<0.05). ING4 expression in SW620 was lower than all other CRC cell lines (P<0.05). Therefore, SW480 and SW620 cell lines were selected for subsequent experiments. The protein levels of ING4 in various cell lines revealed similar trends with the mRNA levels (Fig. 1B) .
MiR-650 targets the 3'UTR of ING4 in CRC cells.
It has been reported that miR-650 targets ING4 to promote gastric cancer tumorigenicity (14) . Therefore, the present study investigated whether miR-650 targets ING4 in CRC. Following the transfection of miR-650 mimics, miR-650 mimics negative control (NC), miR-650 inhibitors and miR-650 inhibitors NC, the level of miR-650, and the mRNA and protein levels of ING4 were analyzed using RT-qPCR and western blotting, respectively. As presented in Fig. 2A , the levels of miR-650 in SW480 and SW620 were significantly increased compared with those in the miR-650 mimics NC, miR-650 inhibitors and miR-650 inhibitors NC groups (P<0.05). As predicted, the mRNA level of ING4 was significantly attenuated following miR-650 transfection, relative to the controls (P<0.05). The changes in ING4 protein levels were consistent with the mRNA levels (Fig. 2B) .
According to the miRDB and TargetScan databases, miR-650 was predicted to bind to the 3'UTR of ING4, and the core sequence containing the binding site is presented in Fig. 2C . The ING4 3'UTR and the mutant 3'UTR were inserted into the plasmid with a luciferase reporter gene. Following the co-transfection of miR-650 mimics with the plasmid containing ING4 3'UTR, almost no fluorescence was observed. However, when co-transfected with the mutant 3'UTR, marked fluorescence was observed (Fig. 2D) . These results indicate that miR-650 negatively regulates the expression of ING4 by targeting the 3'UTR of ING4 transcripts in CRC cells.
MiR-650 promotes the proliferation and migration of CRC cells.
To further resolve the function of miR-650 during tumorigenesis, SW480 and SW620 cells were transfected with miR-650 mimics, miR-650 mimics NC, miR-650 inhibitors and miR-650 inhibitors NC. An MTT assay was performed to examine cell viability. The results revealed that cell proliferation in the group transfected with miR-650 mimics was increased compared with in the group transfected with miR-650 mimics NC; proliferation in the group transfected with the miR-650 inhibitor was decreased compared with in the group transfected with the miR-650 inhibitor NC (Fig. 3A) .
The effect of miR-650 on the cell migration was evaluated using a wound healing assay. The results indicated that transfection of miR-650 mimics increased the migration of SW480 cell lines compared with the respective control groups (Fig. 3B) , which suggest that miR-650 upregulation may be associated with tumor growth and migration in CRC.
MiR-650 induces EMT in SW620 and SW480 cell lines.
Following transfection with miR-650 mimics, various morphological changes, including spindle-shaped and fibroblastic cell morphology, as well as scattering and decreased cell-cell contact were observed in SW480 and SW620 cells (Fig. 4A) , suggesting that these cells may undergo EMT progression. EMT is an essential event in tumor invasion and metastasis, which is characterized by the decreased presence of certain epithelial markers (E-cadherin and β-catenin) and upregulated mesenchymal markers (α-SMA and vimentin) (25) . In the present study, western blotting was used to further verify this EMT progression in the cell lines. As presented in Fig. 4B , in miR-650 mimics-transfected cells, the expression of E-cadherin and β-catenin was markedly decreased. On the contrary, mesenchymal markers, including vimentin and α-SMA, were markedly elevated in SW480 and SW620 cells (Fig. 4B) . Immunofluorescence indicated decreased expression of E-cadherin, β-catenin and increased expression of SMA in miR-650 mimics-transfected cells compared with control (Fig. 4C) . These data reinforce that the overexpression of miR-650 induces EMT in SW480 and SW620 cell lines.
MiR-650 induces the activation of Rho/Rac GTPases in SW620 and SW480 cell lines.
Since miR-650 transfected cells exhibited morphological alterations, the effects of miR-650 on modulating cytoskeleton rearrangement were further investigated. F-actin staining by phalloidin revealed that stress fibers and lamellipodia were observed in miR-650 transfected cells, but fewer were present in control cells. By contrast, miR-650 inhibitor group exhibited reduced stress fibers in the SW620 and SW480 cells (Fig. 5A) . During tumor progression, activation of Rho-GTPase contributes to actin cytoskeleton reorganization, which in turn causes disruption of adherent junctions (26, 27) . Therefore, considering the morphological alterations, it was further determined whether Rho-GTPases were activated following miR-650 overexpression. Western blotting results revealed that the active form of RhoA was increased in SW480 and SW620 cells when miR-650 was overexpressed, and decreased following transfection with the miR-650 inhibitor. The expression of active Rac1 was also elevated by miR-650 overexpression (Fig. 5B) . There was no notable reduction in the expression of active Rac1 in miR-650 inhibitors-transfected cells compared with the NC-transfected group. These results indicate that miR-650 activates small GTPase Rac1 and RhoA, disrupting adherent junctions between cells and promoting actin cytoskeleton reorganization.
MiR-650 exerts its function through MAPK signaling.
MAPK signaling serves functions in mediating cell proliferation, differentiation, transformation and apoptosis, and is involved in the development and progression of tumors (19) . Promotion of tumor progression by miR-650 via the two major MAPKs, including ERK1/2 and p38 MAPK was investigated. Western blotting revealed that transfection of miR-650 elevates the levels of p-ERK1/2 and p-p38 MAPK, while the inhibition of miR-650 attenuates their expression in SW480 and SW620 cells (Fig. 6A) . These results suggest that ERK and p38 MAPK may be involved in the modulation of tumor development and progression in CRC. To determine the association between ING4 and these MAPKs, ING4 was overexpressed in SW480 and SW620, respectively (Fig. 6B) . Western blotting revealed that the levels of phosphorylated ERK and p38 MAPK were increased when ING4 was knocked down but decreased when ING4 was overexpressed (Fig. 6C) . The application of the inhibitors of ERK and p38 MAPK could reduce their phosphorylation levels. Taken together, these results suggest that miR-650 targets ING4 and then activates ERK and p38 MAPK to promote CRC progression. 
Discussion
Colorectal cancer (CRC) has become the third most common type of malignant disease worldwide, and is one of the leading causes of cancer-associated mortality. However, the pathogenesis of CRC is not completely understood. Therefore, it is important to resolve the underlying molecular mechanism of CRC progression and carry out effective treatments to prevent and cure the disease. Emerging studies have demonstrated that miRs serve crucial functions in the progression of CRC (28) .
At present, limited reports have demonstrated that miR-650 is involved in cancer. Mraz et al (29) reported that miR-650 expression is associated with the prognosis of chronic lymphocytic leukemia and has influences on B-cell proliferation. A high level of miR-650 was identified to be a prognostic indicator for lymph node involvement and more aggressive clinical outcomes of lung adenocarcinoma (30) . In CRC, little information is known about the function of miR-650, except for its involvement in regulating expression of the NDRG gene (15) . In the present study, it was demonstrated that in CRC, miR-650 targets ING4 and has effects on promoting proliferation, migration and activation of ERK and p38 MAPK which provides further evidence of the involvement of miR-650 in cancer progression.
ING4 was initially identified to be involved in the regulation of glioma growth and angiogenesis and interacting with nuclear factor NF-κB (31) . ING4 has been demonstrated to induce cell growth inhibition in human lung adenocarcinoma cells and gastric carcinoma cells (32, 33) , inhibit melanoma cell invasion (34) and attenuate cellular transformation (35) . Similarly, in the present study, inhibition of ING4 through the overexpression of miR-650 promoted CRC cell proliferation and migration (Fig. 3B) .
In the present study, a series of assays were carried out to characterize the function of miR-650 in regulating CRC cell growth, invasiveness, EMT and actin cytoskeleton reorganization. The expression of ING4 in patient CRC tissues, compared with in the adjacent non-tumor tissues, was previously evaluated, and the results revealed that ING4 sharply decreased in cancer (36). To confirm the decreased level of ING4 in CRC, the expression of ING4 was evaluated in 8 CRC cell lines, which is consistent with the previous results. Two cell lines (SW480 and SW620) were selected for further experiments. miR-650 was overexpressed by transfecting miR-650 mimics into SW480 and SW620 cells, and inhibited by transfecting with an miR-650-inhibitor. The results demonstrated that overexpression of miR-650 significantly inhibited ING4. As ING4 is a tumor suppressor gene, the function of miR-650 in tumor progression was assessed, including cell growth, cell invasion, EMT and cell actin cytoskeleton reorganization. The underlying molecular mechanisms of miR-650 in promoting cancer progression were also evaluated. Western blotting results indicate that overexpression of miR-650 enhanced the activation of ERK and p38 MAPK. In addition, knockdown of ING4 results in elevated levels of p-ERK and p-p38 MAPK. These results suggest that miR-650 targets ING4 which functions upstream of ERK and p38 MAPK to promote CRC progression. Whether ING4 interacts with ERK and p38 MAPK or other cancer-associated proteins to activate ERK and p38 MAPK must still be further explored.
To the best of our knowledge, this is the first study to identify the critical functions of miR-650 in CRC. miR-650 may target ING4 to promote CRC progression through the MAPK signaling pathway. The present study not only evaluated the functions of miR-650 in CRC progression, but also provided a solid basis to explore the pathogenesis of and develop therapeutic strategies for CRC.
